Subramanian VS, Marchant JS, Said HM. Molecular determinants dictating cell surface expression of the human sodium-dependent vitamin C transporter-2 in human liver cells. Am J Physiol Gastrointest Liver Physiol 298: G267-G274, 2010. First published November 19, 2009 doi:10.1152/ajpgi.00435.2009.-The human sodium-dependent vitamin C transporter-2 (hSVCT2) plays an important role in cellular accumulation of ascorbic acid in liver cells. However, little is known about the molecular determinants that direct hSVCT2 to the cell surface in hepatocytes. We addressed this issue using live cell imaging methods to resolve the distribution and trafficking of truncated or mutated hSVCT2 constructs in a cellular model of human hepatocytes, HepG2 cells. Whereas a full-length hSVCT2-yellow fluorescent protein (YFP) fusion protein was functionally expressed at the cell surface in HepG2 cells, serial truncation and mutation analysis demonstrated an essential role for both NH2-and COOH-terminal sequence(s) for cell surface expression and function. Video-rate confocal imaging showed evidence of dynamic hSVCT2-YFP containing intracellular trafficking vesicles, the motility of which was impaired following disruption of microtubules using nocodazole. However, in a HepG2 cell line stably expressing hSVCT2-YFP at the cell surface, plasma membrane levels of hSVCT2 were unaffected by inhibition of microtubule-associated motor proteins; rather, surface expression of hSVCT2-YFP was increased following treatment with myosin inhibitors. Together, these results show that 1) both NH2-and COOH-terminal sequences are essential for proper localization of hSVCT2, 2) cell surface delivery is dependent on intact microtubules, and 3) peripheral microfilaments regulate insertion and retrieval of hSVCT2 into the plasma membrane.
ascorbic acid; uptake; trafficking VITAMIN C IS AN ANTIOXIDANT that acts as a free radical scavenger and cofactor for several important enzymatic reactions (20) . Although many mammals can synthesize vitamin C in the liver, humans have lost the capability for endogenous vitamin C synthesis and must obtain it from dietary sources. Dietary vitamin C deficiency can lead to variety of clinical abnormalities (6, 14, 20) , and several recent studies have shown that optimal vitamin C body homeostasis provides protection against hepatic, cardiovascular, and eye disorders as well as cancer (11, 14, 27) .
Vitamin C exists in two forms: ascorbic acid (the reduced form), transported via human sodium-dependent vitamin C transporters-1 and 2 (hSVCT1 and hSVCT2, products of the SLC23A1 and SLC23A2 genes) and dehydroascorbic acid (the oxidized form), transported via glucose transporters [such as GLUT1, GLUT3, and GLUT4 (24) ]. Both hSVCT1 and hSVCT2 are expressed in human liver, with hSVCT2 expression being higher than hSVCT1 (22, 23, 38) . This abundant expression of hSVCT2 in human liver implies a significant physiological role for this particular transporter in liver vitamin C homeostasis. In turn, because the liver plays a crucial role in the distribution, regulation, and maintenance of overall body vitamin C homeostasis, understanding cell biological aspects of hSVCT2 function is important in this context. However, compared with increasing insight into hSVCT function within intestinal absorptive epithelia (5, 18, 30, 35) , little is known about the molecular determinants that dictate hSVCT2 expression at the cell surface in hepatic cells.
As with other nutrient transporters, specification of the intracellular trafficking pathways, and hence cell surface targeting profile, likely depends on specific sequence and topological determinants within the hSVCT2 polypeptide. The relevant determinants for hepatocyte cell surface expression could be distributed within the cytoplasmic NH 2 -and/or COOH-terminal tails of hSVCT2 (10, 19, 21, 29, 30, 34, 36) or throughout the backbone of the polypeptide (16, 31, 33) . Alternatively, targeting motifs may be encoded through specific protein conformations resulting from sequences throughout the entire hSVCT2 polypeptide sequence (17, 32, 40) . As a first step toward identifying modules within the hSVCT2 sequence important for cell surface expression in hepatocytes, we employed live cell confocal imaging to monitor the trafficking and targeting of several truncated and mutated hSVCT2 proteins fused with the yellow fluorescent protein (YFP) in conjunction with [ 14 C]ascorbic acid uptake measurements performed with the same constructs. These analyses showed that both the cytoplasmic NH 2 -and COOH-terminal tail regions of hSVCT impact hSVCT2 targeting and functionality, likely by regulating interactions with microtubule and microfilament dependent processes, which we show to be important for regulating hSVCT2 distribution in hepatocytes.
MATERIALS AND METHODS

Materials. [
14 C]ascorbic acid (specific activity ϳ13 mCi/mmol) was from American Radiolabeled Chemicals (St. Louis, MO). YFP-N1 fluorescent protein was from BD Biosciences (Palo Alto, CA). HepG2 cells were from ATCC (Manassas, VA). DNA oligonucleotide primers were synthesized by Sigma Genosys (Woodlands, TX). Geneticin (G418) was from Invitrogen (Carlsbad, CA). Cytoskeletal disrupting agents and motor protein inhibitors were obtained from Calbiochem (La Jolla, CA).
Generation of hSVCT2 truncated and mutated constructs. The full-length hSVCT2-YFP and truncated constructs were generated by PCR using the primer combinations shown in Supplemental Table S1 and conditions previously described (30, 31) . (The online version of this article contains supplemental data.) The PCR products and the YFP-N1 vectors were digested with HindIII and SacII, and products were gel separated and ligated to generate in-frame fusion proteins with the YFP fused to the COOH terminus of each construct. The Quik change site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to introduce insertions or deletions of nucleotides into the open reading frame of SLC23A2. Overlapping primers containing the mutated nucleotides to the specified mutation sites (Supplemental Table S2 ), and full-length hSVCT2-YFP fused plasmid were used as a template for PCR-based site-directed mutagenesis as described (23, 29) . The nucleotide sequence of each construct was verified by sequencing (Laragen, Los Angeles, CA).
Cell culture and transient and stable transfections. The humanderived hepatic epithelial HepG2 cells (from a 15-yr-old male Caucasian) were grown in DMEM supplemented with 10% (vol/vol) FBS, glutamine (0.29 g/l), sodium bicarbonate (2.2 g/l), penicillin (100,000 U/l), and streptomycin (10 mg/l) in 75-cm 2 plastic flasks at 37°C in a 5% CO2-95% air atmosphere with medium changes every 2-3 days. For transient transfection, cells were grown on sterile glass-bottomed petri dishes (MatTek, Ashland, MA) and transfected at 90% confluency with 2 g of plasmid DNA with use of Lipofectamine 2000 (Invitrogen, San Diego, CA). After 24 -48 h, live cells were imaged by confocal microscopy. For stable transfection, cells were selected by using G418 (0.5 mg/ml) for 6 -8 wk.
Uptake assays. [ 14 C]ascorbic acid uptake assays were performed on confluent, stably transfected HepG2 cell lines following established procedures (23, 30, 32) . Protein contents were estimated on parallel wells by using a protein assay kit (Bio-Rad, Hercules, CA).
Live cell confocal imaging. Cells cultured on petri dishes were imaged via a Nikon C-1 confocal scanner head attached to a Nikon inverted phase-contrast microscope or a Bio-Rad upright confocal microscope. Fluorophores were excited by use of the 488-nm line from an argon ion laser, and emitted fluorescence was monitored with a 530 Ϯ 20 nm band-pass filter. The motion of individual vesicles was tracked with a custom-built video-rate confocal microscope (4) and data were analyzed by using a frame-to-frame tracking function in Metamorph (Universal Imaging, Downingtown, PA). Videos are provided as Supplemental Movies S1-S3.
Flow cytometry. Flow cytometry analysis was performed via a FACScalibur bench top cytometer (BD Biosciences, Palo Alto, CA). Stable HepG2 cells were grown within T25 tissue culture flasks.
Confluent monolayers were trypsinized, and cells were pelleted and resuspended in 1 ml of Ca 2ϩ -free buffer as described previously (16) . In all flow cytometry experiments, samples of untransfected and YFP-alone-transfected HepG2 cells were run in parallel with experimental samples, to calibrate optical parameters for identifying the intact, transfected cell population.
Statistical analysis. Uptake, FACS, and motor protein inhibition data are the result of three separate experiments and are expressed as means Ϯ SE in pmol·mg protein Ϫ1 ·3 min Ϫ1 . Differences between the means were tested for significance level at P Ͻ 0.05 using Student's t-test.
RESULTS
Functional expression of hSVCT2-YFP in HepG2 cells.
A schematic representation of the full-length hSVCT2-YFP fusion construct is shown in Fig. 1A to illustrate the domain organization of the hSVCT2 protein. This encompasses a long, cytoplasmic NH 2 -terminal domain (amino acid residues 1-98), followed by a predicted multi-transmembrane-spanning domain (TM) region (TM1-12, amino acid residues 99 -568) and a cytoplasmic COOH-terminal tail (amino acids 569 -650). The YFP was fused to the COOH terminal tail of the protein to permit visualization of the constructs in live cells. To examine the cell surface expression and functionality of the full-length fused protein, a stable hSVCT2-YFP expressing HepG2 cell line was generated by antibiotic selection with G418. In confluent monolayers of the stable HepG2 cell line, hSVCT2-YFP targeted to the cell surface as well as a population of intracellular vesicles (Fig. 1B) . In contrast, cells transfected with YFP showed fluorescence distribution throughout the entire cytoplasmic volume (Fig. 1B) . Consistent with these targeting profiles, stable hSVCT2-YFP-expressing cells showed significantly enhanced [ 14 C]ascorbic acid uptake (ϳ2-fold, P Ͻ 0.01) over control or YFP-transfected cells (Fig. 1C) .
Truncation analysis of the hSVCT2 COOH terminus. To delimit sequence/molecular determinants within the hSVCT2 polypeptide important for cell surface targeting in HepG2 cells, 
G268 hSVCT2 TARGETING IN HEPATOCYTES
we first designed a series of four hSVCT2 COOH-terminal truncation constructs (Supplemental Table S1 ), in which the fulllength polypeptide was progressively shortened from the COOH terminus. The cellular expression pattern of each truncated construct was analyzed following stable expression in HepG2 cell lines. Figure (Fig. 2B ). Together these results suggest, first, that the region between 625 and 627 within the COOH terminal tail may be important for cell surface expression of hSVCT2 in HepG2 cells and, second, that the COOHterminal tail is important for regulating optimal cell surface expression of hSVCT2.
Mutational analysis of the cytoplasmic COOH terminus of hSVCT2. In light of these results, we examined the specific role of the amino acid sequence "FVG" (amino acids 625-627) in regulating the cell surface expression of hSVCT2 in HepG2 cells. To do this, we mutated combinations of these residues within the context of the full-length protein, to validate the importance of this region as implicated by the cruder COOH terminus truncation approach (Fig. 2) . First, we substituted each of these three residues with alanine (hSVCT2[FVG/AAA]-YFP). The cellular expression pattern of this construct was pleiotropic, with the majority (ϳ80%) of cells exhibited retention of the protein within intracellular membranes, whereas a significant proportion of cells exhibited expression at the cell surface (ϳ20%). Uptake of [ 14 C]ascorbic acid remained at basal levels, likely reflecting the intracellular retention of the mutant transporter, as well as a reduced overall expression level of transporters trafficking to the cell surface (Fig. 3C) . Generation of further full-length constructs supported a critical influence of F625 within this triad of residues on cell surface trafficking of hSVCT2; a similar inhibition of expression and uptake profile was observed with both the single-substituted hSVCT2 [ In summary, a single amino acid substitution of F625 within the context of the full-length polypeptide resulted in significant, but not complete, retention of hSVCT2 within the endoplasmic reticulum. To investigate other molecular determinants that may function in tandem with this COOH-terminal residue, we proceeded to examine the role of the NH 2 -terminal cytoplasmic domain of hSVCT2 (36) .
Truncation analysis of the hSVCT2 NH 2 terminus. On the basis of the above results, we examined the role of the hSVCT2 (Fig.   4A ). Again, for each of these truncations the population expression profile was again pleiotropic: some cells exhibited cell surface expression of hSVCT2, whereas hSVCT2 was retained intracellularly in other cells within the same monolayer. The proportion of cells exhibiting intracellular expression phenotypes was greater with the more extensive truncations, suggesting that the NH 2 -terminal sequence also plays a role in regulating cell surface expression of hSVCT2 in HepG2 cells. 
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Consequently, we proceeded to analyze the role of specific residues in the NH 2 (36) discovered the role of a more distal NH 2 -terminal sequence (LMAI, residues 56 -59 in hSVCT2) as a critical regulator of basolateral targeting of hSVCT2 in the polarized Madin-Darby canine kidney (MDCK) cell line. Notably, these authors demonstrated that a single point mutation L56A within the basolateral targeting sequence (albeit within a chimeric hSVCT1/hSVCT2 protein) resulted in increased intracellular retention of the chimeric transporter (36) .
In isolation, the single point mutation L56A within the full-length sequence of hSVCT2 (hSVCT2[L56A]-YFP) conferred little functional effect on uptake of [ 14 C]ascorbic acid uptake in HepG2 cells (Fig. 4, B and C) , although a subpopulation of cells exhibited an intracellular expression profile in confocal imaging surveys (Fig. 4B) . Such intracellular retention was not observed when a trio of upstream residues were mutated (hSVCT2[DTE53-55AAA]-YFP, data not shown). However, when the hSVCT2[L56A]-YFP mutant was made in the context of the COOH terminal FVG/AAA mutant described earlier in which ϳ20% of cells retain residual cell surface expression, the fluorescently tagged construct (hSVCT2[L56A][FVG/AAA]-YFP) was retained within the endoplasmic reticulum of stably expressing HepG2 cells, such that little residual cell surface expression was evident. Such an intracellular distribution was consistent with an inhibition of enhanced [
14 C]ascorbic acid uptake to levels seen in untransfected or mock transfected cells (Fig. 4C) . Therefore, these results are consistent with the proposal that both NH 2 -and COOH-terminal sequences act in concert to regulate the cell surface delivery of hSVCT2 (36) .
Intracellular trafficking dynamics of hSVCT2. Lateral confocal sections of individual HepG2 cells expressing full-length hSVCT2-YFP revealed numerous vesicular structures within the cytoplasm (Fig. 5A) . These structures were resolvable in close juxtaposition to the cell surface, as well as remotely from the plasma membrane within the cytoplasmic volume. These structures appeared heterogeneous in size and dynamics: some were static and resolvable in sequential frames throughout a continuous (Յ20 s) record, whereas others were difficult to track from one frame to the next owing to their dynamic behavior (Supplemental Movie S1). Treatment of HepG2 cells with nocodazole (10 M, 10 min) abolished vesicular motility and resulted in aggregates of immobile vesicles accumulating throughout the cytoplasm (Fig. 5B, Supplemental Movie S2) , suggesting an important role for microtubule-dependent events in mediating long-scale vesicular transport. To better quantify this effect and derive insight into the dynamics of these structures in wild-type cells, HepG2 cells expressing hSVCT2-YFP were imaged using a "home-brew," video-rate confocal microscope (4) permitting x-y imaging at 30 frames/s. A frame-to-frame montage showing representative examples of vesicular motility (e.g., Supplemental Movie S3) in control and nocodazole-treated cells is shown in Fig. 5C . Both examples show that discrete vesicles can move toward, or exist, in close juxtaposition to the cell surface without fusion with the plasma membrane. Point-to-point tracking of individual vesicular dynamics under these conditions (Fig. 5D ) reveals that rapid, multidirectional movements of vesicles in intact cells is attenuated by nocodazole, as reflected through collated peak velocity measurements (Fig. 5E) .
Effect of pharmacological inhibition of motor proteins. The motor proteins kinesin, dynein, and myosin play important roles in delivering proteins, including vitamin transporters, to the cell surface in many diverse cell types (1, 3, 8, 12, 29, 33) . However, the role of these molecular motors in regulating hSVCT2 functional cell surface expression in HepG2 cells, or any other cell type, is unclear. Therefore, we examined the effect of several pharmacological inhibitors, including monastrol (a kinesin inhibitor), sodium orthovanadate (a dynein inhibitor) as well as 2,3-butanedione 2-monoxime (BDM) and blebbistatin (both myosin inhibitors) in the stable hSVCT2-expressing HepG2 cell line. Results showed that neither orthovanadate (100 M, 24 h) or monastrol (100 M, 24 h) impacted cell surface expression (Fig. 6A), uptake (Fig. 6B) , or overall population fluorescence intensity (Fig. 6C) . In contrast, the myosin inhibitors BDM (20 mM, 24 h) and blebbistatin (100 M, 24 h) markedly increased overall expression of hSVCT2 at the cell surface, as judged by confocal imaging (Fig. 6A) and FACS analysis (Fig. 6C) . In parallel with these observations, both treatments resulted in a significant increase in ascorbic acid uptake (Fig. 6B) , most notably for BDM (ϳ3-fold, P Ͼ 0.01). Collectively, these data suggest that myosin inhibition regulates the levels of hSVCT present at the cell surface in the stably transfected HepG2 cell line, likely by regulating the final stages of hSVCT2 insertion or by inhibiting endocytosis of hSVCT2.
DISCUSSION
Resolving how different cell types absorb, vectorially transport, and recycle vitamin C is crucial for understanding how overall body vitamin C homeostasis is regulated (24, 28) . This is especially important in the context of the liver, which is a major organ system for vitamin C utilization. Therefore, in this study, we investigated cell biological aspects of a human sodium-dependent vitamin C transporter (hSVCT2), which is abundantly expressed in liver. We used a human hepatocyte cell line (HepG2) that has been widely used before in such studies (9, 25, 39) . In conjunction with hSVCT1, hSVCT2 is presumed responsible for cellular uptake and transport of the reduced form of ascorbic acid (ascorbate) in hepatocytes (22, 23, 26, 28, 38) . Both hSVCT1 and hSVCT2 are multi-transmembrane-spanning proteins: topologically, both the NH 2 and COOH termini of these transporters reside in the cytoplasm (15, 37) , and several pieces of experimental data suggest that these regions play a key role in regulating the cell surface targeting and distribution of transporter expression in polarized cells (10, 19, 21, 29, 30, 34, 36) .
First, using the polarized MDCK cell line to express either hSVCT1 (30, 36) or hSVCT2 (36) , COOH-terminal regions containing similar sequences [VFKG, amino acids 567-570 in hSVCT1 (30) ] and hSVCT2 [SYLPISPTFVGYTWKGLR, amino acids 617-634 in hSVCT2 (36) ] were found to be critical for cell surface expression of either transporter isoform. Building on these findings, we confirm that this region also impacts cell surface targeting of hSVCT2 in a human liver cell line and delimit that single amino acid substitutions of F625 in hSVCT2 (Fig. 3A) were sufficient to impair trafficking to the cell surface within the broader 18-residue sequence recently implicated by truncation analysis (36) . This phenylalanine residue is conserved in both hSVCT1 (F568) and hSVCT2 (F625), as well as in both mouse and rat SVCT isoforms (15) . For other transporters, disruption of specific cytoplasmic phenylalanine residues has previously demonstrated to result in intracellular retention (7, 13) . In hSVCT2, F625 occurs within a region that we have previously speculated to be important as a topological motif with high ␤-turn-forming propensity within the hSVCT1 COOH tail (30) . Disruption of this sequence/ motif impedes export of either hSVCT isoform to the cell surface. However, the integrity of this region appears more crucial for hSVCT1 than hSVCT2, given that disruption of this region in hSVCT1 completely prevented cell surface expression, resulting in a uniform intracellular expression profile, whereas a small but significant proportion of cells (Ͻ20%) expressing hSVCT2[FVG/AAA]-YFP displayed residual cell surface targeting (Fig. 3A) when this COOH-terminal region was mutated in the context of full-length protein. This observation is important in the context of the recent discovery of an additional targeting region needed for correct polarized targeting of hSVCT2 as discussed below.
Second, as regards the role of NH 2 -terminal sequence, Varma et al. (36) recently identified a basolateral targeting region within the NH 2 -terminal sequence in hSVCT2, which appears necessary, but not sufficient, for basolateral targeting of hSVCT2 in MDCK cells. By using chimeric analyses, it was demonstrated that swapping only the NH 2 -terminal domain of hSVCT2 onto hSVCT1 was sufficient to reroute hSVCT1 from the apical to the basolateral domain. Further removal of residues 55-59 (E 55 LMAI 59 of hSVCT2) switched the polarity of hSVCT2 construct expression from basolateral to apical with the caveat that these analyses were predominantly analyzed not in full-length hSVCT2 but within a chimeric template of hSVCT2 and 1, which may be problematic if the cytoplasmic NH 2 and COOH termini interact to generate targeting signals. No comparable apical targeting signal was shown to exist in hSVCT1, nor did insertion of this motif into hSVCT1 redirect this transporter to the basolateral surface. Therefore, this important study suggested that, for hSVCT2, both NH 2 -and COOH-terminal regions are important for appropriate physiological targeting. Our data also are consistent with a role of NH 2 -terminal sequence in hSVCT2 cell surface expression in hepatocytes: 1) hSVCT2 was retained intracellularly when the NH 2 sequence was removed (even upstream of E 55 LMAI 59 , Fig.  4A ), 2) a single amino acid point mutation (hSVCT2[L56A]) resulted in a shift to intracellular retention of the transporter, and 3) the same mutation, made in the context of the COOH-terminal mutation hSVCT2[L56A][FVG/AAA], completely abolished expression at the hepatocyte plasma membrane. These data collectively imply a role for sequence within both cytoplasmic termini of hSVCT2 for appropriate expression at the cell surface in kidney and liver cell lines. Future work will establish whether similar targeting motifs are also relevant in intestinal epithelia.
Finally, our data implicate roles for both microtubules and microfilaments as regulators of the cell surface expression of hSVCT2. First, the microtubule depolarizing agent nocodazole attenuated the mobility of hSVCT2-containing vesicles when resolved during a period (seconds) of continuous imaging (Fig.  5) . Consistent with results with other vitamin transporters (16, 29 -31, 33) , this result implicates a role of microtubules in dictating transport of hSVCT2-containing vesicles over long (micrometer-scale) distances throughout the cell both to and from the cell surface. Second, results with pharmacological inhibitors demonstrate that incubation (ϳ24 h) with inhibitors of the myosin-II ATPase, either BDM or blebbistatin, enhanced ascorbic acid uptake into liver cells by increasing the expression of hSVCT2 at the cell surface. This observation may imply a role for microfilament interactions in regulating the insertion and retrieval of hSVCT2 into the cell membrane. Myosin activity may be needed to facilitate endocytic retrieval of hSVCT2 from the cell surface or to regulate cortical actin dynamics that impede insertion of hSVCT2-containing vesicles with the membrane. This result is also consistent with data showing that myosin-II ATPase activity regulates apical lumen morphogenesis in HepG2 cells (12) , where inhibition of myosin-II ATPase activity (using either BDM or blebbistatin) enhanced polarization of these cells through apical lumen remodeling. Likely these changes in cellular polarization parallel an increased plasma membrane insertion of hSVCT2 (and possibly endogenous hSVCT1 also). Interestingly, BDM has been shown to decrease apical endocytic uptake of another vitamin, riboflavin, but potentiates vectorial transport of riboflavin across the monolayer (8), a combination of results consistent with upregulation of expression of a basolateral riboflavin transport. However, because this compound has a variety of broad effects beyond inhibition of the myosin ATPase, including effects on membrane protein phosphorylation and membrane characteristics in general (2), these interpretations require further validation.
In conclusion, cell surface targeting of the human SVCT2 transporter in a human hepatocyte cell line is dependent on both NH 2 -and COOH-terminal sequence within the cytoplasmic domains of these transporters. Cell surface expression of hSVCT2 is also dependent on microtubules for cell surface delivery and modulated by myosin-dependent motor processes.
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